ABSTRACT Due to the instantaneous power following into or out of the DC-link capacitor in a three-phase shunt active power filter (APF), the DC-link voltage regulation control plays an important role in the shunt APF especially under nonlinear load change. In this paper, for the purpose of improving the DC-link voltage regulation control in the shunt APF under nonlinear load variation and reducing the total harmonic distortion of the current effectively, a novel recurrent probabilistic fuzzy neural network with an asymmetric membership function (RPFNN-AMF) controller is developed to substitute for the conventional proportional-integral controller. Moreover, the network structure, the online learning algorithm, and the convergence analysis of the proposed RPFNN-AMF are detailedly introduced. Finally, the effectiveness and feasibility of the shunt APF using the proposed RPFNN-AMF controller for the DC-link voltage regulation control and the compensation of harmonic current are verified by some experimental results.
I. INTRODUCTION
Lately, a doubly fed induction generator system using a probabilistic fuzzy neural network (PFNN) controller has been successfully improved the tracking control [1] . PFNN consists of fuzzy logic and probabilistic neural network (PNN). PNN is one category of neural networks (NNs) which integrates feedforward NNs and statistical pattern recognition methods [2] . Since PNN has possession of Bayes classification rule and probability density function estimator [1] , PNN has better adaptability and modeling performance [3] . Therefore, PNN can deal with the system uncertainties effectively and has been extensively adopted in fault detection, pattern classification, nonlinear mapping, [1] , remote sensing and image processing [2] . Moreover, fuzzy logic possesses the abilities to cope with the uncertain information and to approximate the nonlinear system [4] . Thus, some researches have been adopted PFNN to construct complex plants [5] , [6] . In [5] , a PFNN controlled squirrel-cage induction generator system was developed to improve the tracking control characteristics of the rotor speed and the DC-link voltage at different operating conditions. In [6] , a digital signal processor (DSP) based PFNN was proposed to control a two stage AC\DC charger. Furthermore, the dimensions of the normal Gaussian membership functions (MFs) can be expanded in asymmetric MFs (AMFs). Owing to AMFs, the number of fuzzy rules can be optimized and the learning ability of the networks can be upgraded. Hence, AMFs have been adopted not only to improve the control precision but also to optimize the number of fuzzy rules [7] , [8] . Additionally, recurrent neural network (RNN) has superior ability compared with the traditional feedforward NNs by internal feedback loops of recurrent neurons to achieve dynamic modeling behavior [9] , [10] . Through their own natural temporal operation, RNN has the capability to handle time-varying inputs or outputs [9] , [11] . Thus, RNN has been widely used in signal processing, optimization problems, pattern recognition, and other engineering applications [12] - [14] . In [13] , an extended RNN is proposed for fault diagnosis in railway track circuits. In [14] , a RNN is proposed for diagnosing the electric vehicle battery. In this study, due to the merits of the AMFs, PFNN and RNN, a novel recurrent probabilistic fuzzy neural network with an asymmetric membership function (RPFNN-AMF) controller is first proposed.
Nowadays, the harmonic pollution in utility grid, which is resulted from nonlinear loads, rectifiers, switching power supplies, and arc furnaces, has been obtained attentions widely. Harmonic pollution cause voltage distortion, failures, premature ageing, and additional losses in the equipment [15] . In the past years, an active power filter (APF) has been considered to improve the power quality problems [16] . APF is mainly developed for voltage or current harmonic compensation and can be divided into three categories: series, shunt, and hybrid APFs [15] , [16] . Hence, in the literature [16] - [19] , several researches adopting APF for current or voltage harmonic compensation have been proposed. In [16] , an αβ-based current reference generator scheme for APF applied to three-phase fourwire system was provided to suppress current harmonic and improve power factor. A shunt APF based on voltage detection which is installed by the utility grid on the distribution line was adopted to terminate the voltage harmonic propagation in [17] . In [18] , the unified power quality conditioner (UPQC), which the series and shunt APFs are connected back to back with a common dc reactor, has been proposed for the power quality. In [19] , a synchronousreference-frame-based control strategy used in the UPQC is proposed to compensate reactive power along with voltage and current harmonics under nonideal grid voltage and unbalanced load-current conditions. On the other hand, since the DC-link capacitor is necessitated on the DC side of the APF for instantaneous active power flowing into or out of the APF, the DC-link voltage regulation control plays an important role in the shunt APF [20] , [21] . DC-link capacitor is regarded as an energy storage element and the principal capability of the capacitor for the APF is to generate mitigation or injection current to source current [22] . Hence, the DC-link voltage regulation control of the APF for maintaining voltage constant especially for the condition of nonlinear load variation is very important [21] , [23] .
In this study, an intelligent control three-phase shunt APF is designed to compensate the three-phase harmonic currents under nonlinear load. Moreover, for the purpose of improving the tracking control of the DC-link voltage in the shunt APF under nonlinear load variation condition, an online trained RPFNN-AMF controller is proposed to substitute for the conventional proportional-integral (PI) controller. The online training algorithm based on backpropagation (BP) for training the network parameters of the proposed RPFNN-AMF real-time are derived in detail. Furthermore, the three-phase shunt APF using the proposed RPFNN-AMF controller for DC-link voltage regulation control is accomplished by a Texas Instruments (TI) DSP TMS320F28335. This study is organized as follows: First, the operating theories of the three-phase shunt APF are described in Section 2. Then, the network structure of the proposed RPFNN-AMF, the derivations of online learning algorithm and a Lyapunov function based convergence analysis are represented in Section 3. In addition, the implementation of shunt APF using the proposed RPFNN-AMF controller is given in Section 4 with some experimental results to verify its effectiveness. Finally, the conclusion can be found in Section 5.
The developed RPFNN-AMF controller for three-phase active power filter in this study is built on our previous publications [6] and [20] . In [6] , a DSP based PFNN is developed to control a two stage AC\DC charger. The designed PFNN controller can improve the transient of voltage regulation during load variation. Moreover, in [20] , a three-phase four-leg inverter-based shunt APF is proposed to compensate the three-phase unbalanced currents under unbalanced load conditions. The objective of the three-phase four-leg shunt APF is to generate the compensated current components to make the three-phase currents of the power grid be balanced, and suppress the neutral current under unbalanced load conditions. A Petri probabilistic fuzzy neural network (PPFNN) controller is adopted for the regulation of the DC-link voltage and compensation of the three-phase unbalanced current. In this study, the proposed RPFNN-AMF controller is integrated with the AMFs [7] , [8] , PFNN and RNN [9] , [10] . Therefore, the proposed RPFNN-AMF controller possesses the capability of AMFs in optimized fuzzy rules and the ability of RNN to handle time-varying inputs or outputs. In addition, the RPFNN-AMF is proposed as the online trained controller for the shunt APF to regulate the DC-link voltage and compensate the harmonic current for reducing the current THD in this study.
II. CURRENT HARMONIC COMPENSATION ALGORITHM AND DC-LINK VOLTAGE REGULATION CONTROL IN APF
The control scheme of a grid-connected three-phase shunt APF for current harmonic compensation and DC-link voltage regulation control is shown in Fig. 1 with 220 Vrms three-phase voltage v sa , v sb , v sc of the utility grid and 3 mH inductor L f . Moreover, a bridge rectifier composed of a diode, an inductor L 1 and a resistor R 1 is regarded as a nonlinear load to generate the three-phase load currents i La , i Lb , i Lc . The principal purpose of the designed shunt APF is to compensate three-phase harmonic currents caused by the nonlinear load. As shown in Fig. 1 , the threephase shunt APF are adopted to produce the compensation currents i fa , i fb , i fc and facilitate the three-phase currents i sa , i sb , i sc of the utility grid to be sinusoidal. In Fig. 1 , first, according to the phase locked loop (PLL), the synchronous angle θ e can be obtained by detecting three-phase voltages v sa , v sb , v sc . Afterward, three-phase load currents i La , i Lb , i Lc are detected and dqaxis currents i Ld and i Lq are calculated by using abc/dq coordinate transformation in the following:
cos θ e − sin θ e sin θ e cos θ e
Two low pass filters are adopted to extract DC components and the transfer functions are represented in the following:
where the cut-off frequency ω = 20π rad/s, damping ratio ξ = 0.7 and gain k = 1. The dq-axis harmonic current VOLUME 6, 2018 
The compensation currents i fa , i fb , i fc , which are the outputs of the shunt APF, are also detected and compared with current commands i * La , i * Lb , i * Lc , respectively. The three control commands v coma , v comb , v comc are then computed by using three respective P controller. Finally, the switching signals are obtained to compensate three-phase harmonic currents and to regulate the constant DC-link voltage V dc in three-phase shunt APF. On the other hand, since the effect of the internal impedance of the capacitor C dc upon the DC-link voltage regulation control is less than the nonlinear load variation, the internal impedance is neglected in Fig. 1 .
III. RPFNN-AMF CONTROLLER
Though the PI controller is easily to be implemented and possesses the advantage of simple structure, the traditional PI controllers are not robust in coping with the system uncertainties such as modeling errors, parameter variations and external disturbances in real world applications [24] . Thus, for the purpose of improving the DC-link voltage regulation control in the shunt APF under nonlinear load variation, a RPFNN-AMF is proposed as the online trained regulation controller for the shunt APF. Moreover, the detailed structure of the network, the online learning algorithm and the convergence analysis of the proposed RPFNN-AMF are introduced in the following paragraphs:
A. NETWORK STRUCTURE OF RPFNN-AMF
The architecture of the proposed RPFNN-AMF, including input layer, membership layer, probabilistic layer, rule layer and output layer, is shown in Fig. 2(a) . The basic function and the signal propagation in each layer of the proposed RPFNN-AMF are introduced in the following: 
1) LAYER 1 (INPUT LAYER)
The node input and the node output in this layer are described as:
where N depicts the N th iteration; x i depicts the ith input to the input layer; e 1 (N ) is the DC-link voltage error e; e 2 (N ) is the derivative of DC-link voltage errorė.
2) LAYER 2 (MEMBERSHIP LAYER)
The asymmetric Gaussian functions as shown in Fig. 2 (b) are adopted as the membership function in each node of the layer 2 to implement the fuzzification operation. Furthermore, the relations of each node are depicted in the following:
where net j (N ) and u j (N ) are the input and the output of membership layer; σ lj and σ rj are the standard deviations in the jth term associated with the ith input variable for the left-hand-side and the right-hand-side, respectively; m j is the mean in the jth term associated with the ith input variable.
3) LAYER 3 (PROBABILISTIC LAYER)
In layer 3, a general Gaussian function is adopted as the receptive field function and is represented in the following:
where m k is the mean; σ k is the normal deviation; P k (N ) is the output of layer 3.
4) LAYER 4 (RULE LAYER)
In layer 4, according to the rules as shown in (9), each node corresponds to a t-norm operation (product operation) to get the Mamdani inference set. The probabilistic information is processed using Bayes' theorem [1] in consideration of the group of fuzzy grade being independent variables as shown in (10) . In addition, the recurrent property is achieved by feeding the output of each rule node back to itself. Therefore, each value is influenced by its previous value as shown in (11), and the previous values can be memorized by feedback structure [25] . The relations of nodes are described in the following:
where µ I l and P I l are the input of layer 4; w rl is recurrent property; w kl is the connective weight between layer 3 and layer 4; w jl is the connective weight between layer 2 and layer 4; µ O l (N ) is the output of the rule layer.
5) LAYER 5 (OUTPUT LAYER)
The input and output of node in this layer are represented as follows:
where w l are the connective weights between layer 4 and layer 5; µ o (N ) is the output of the RPFNN-AMF, which also is the current i es illustrated in Fig. 1 for the DC-link voltage regulation control of the shunt APF.
B. ONLINE LEARNING ALGORITHM FOR RPFNN-AMF
The most important thing of the BP learning algorithm for the proposed RPFNN-AMF is to recursively obtain a gradient vector, which is the derivative of an error function with respect to various parameters of network. In this study, the error function E is defined as shown in (15) for the online learning algorithm of the proposed RPFNN-AMF using a supervised gradient decent method.
The procedure of the learning algorithm is represented in detail in the following:
In layer 5, first, the propagated error term is given by:
According to the chain rule, the connective weight is updated and obtained as:
where η 1 is the learning rate. The connective weight w l can be updated according to (18) .
2) LAYER 4
In this layer, the term of the propagated error is given in the following:
Then, the connective weight is also updated by using the chain rule:
where η 2 is the learning rate. Moreover, the updated connective weight w rl is obtained as:
The error term is propagated and calculated in the following:
Furthermore, the mean of the asymmetric Gaussian function m j is calculated as follows:
where η 3 is the learning rate. In addition, the standard deviations of the asymmetric Gaussian function σ lj , σ rj are computed in the following:
where η 4 , η 5 are also the learning rates. In general, the values of the learning rates η 1 , η 2 , η 3 , η 4 , η 5 are usually set to be between 0 and 1. By empirical rules, larger values of the learning rates could result in divergence control responses. On the other hand, smaller values of the learning rates could results in slow convergence of the control performance. Hence, the varied learning rates based on the analysis of a discrete-type Lyapunov function [26] , [27] , which can guarantee the convergence of the DC-link voltage regulation control at a reasonable rate, are derived in this study. Then, the mean and the standard deviations of the asymmetric Gaussian function σ lj and σ rj are updated according to the follows equations:
Due to the uncertainties of the dynamic three-phase shunt APF, the accurate calculation of the Jacobian of the shunt APF, ∂V dc /∂net o , can't be obtained. Hence, to solve this problem, the delta adaptation law is adopted as follows [4] , [24] for increasing the online learning speed of the network parameters:
C. CONVERGENCE ANALYSIS
The choice of the learning rates of the proposed RPFNN-AMF has a momentous effect on the performance of the network. For the purpose of training the proposed RPFNN-AMF effectively, the varied learning rates [26] , [27] , which pledge the convergence of the DC-link voltage regulation control, based on the analysis of a discrete-type Lyapunov function, are detailedly derived in this section.
To guarantee the convergence of DC-link voltage regulation control, specific learning rate coefficients for the training of the network parameters are obtained from the following convergence analysis. The error function shown in (15) is considered as a discrete-type Lyapunov function. Then, the variation of the Lyapunov function as follows:
Linearized model [27] of the Lyapunov function is obtained via (17), (20), (23), (24) and (25) as follows:
where w l , w rl , m j , σ lj , and σ rj depict the variations of the connect weights, the means and the standard deviations. If the learning rate coefficients of the proposed RPFNN-AMF are designed as:
and ε is a positive constant, (31) can be reformulated as follows:
Finally, the convergence of the proposed RPFNN-AMF control is guaranteed according to (15) and (37). Therefore, the convergence the DC-link voltage regulation control in the shunt APF can be pledged.
IV. EXPERIMENTAL RESULTS
The designed DSP-based shunt APF is illustrated in Fig. 3 .
In the block diagram of the DSP-based shunt APF as shown in Fig. 3(a) , the control algorithms including the current harmonic compensation, the DC-link voltage regulation control, the proposed RPFNN-AMF and the phase-lock-loop (PLL) are accomplished by the TMS320F28335 DSP. Moreover, the peripheral circuits consist of protection, interlocking and feedback circuits. The voltage and the current sensors, which are included in the feedback circuits, are used to detect the three-phase load currents i La , i Lb , i Lc , the compensation currents i fa , i fb , i fc and the three-phase voltages v sa , v sb , v sc . Furthermore, the switching frequency of the inverter using IGBT is 16 kHz. The detailed experimental setups is shown in Fig. 3(b) . In this study, the value of the inductor L 1 and the resistorR 1 of the nonlinear loads are designed in the following:
Moreover, two test cases are designed to verify the DC-link voltage regulation control of the shunt APF under nonlinear load variation. The load is changed from load 1 to load 3 and finally changed to load 2 in Case 1. The load is changed from load 3 to load 1 and finally changed to load 2 in Case 2. The DC-link voltage command V * dc is set to be 450 V. Furthermore, to compare the compensation effect and the DC-link voltage regulation control of the proposed RPFNN-AMF controlled shunt APF, the experimental results of the PI and PFNN controlled shunt APFs are also represented.
In order to verify the effectiveness of the current harmonic compensation of the three-phase shunt APF under nonlinear load, the experimental results without using the shunt APF and using the shunt APF with PI, PFNN and RPFNN-AMF controllers, respectively, at load 3 are presented in Fig. 4 . The responses of phase voltage v sa of utility grid, load current i La and current i sa of utility grid without using the shunt APF are provided in Fig. 4(a) . Due to the presence of the nonlinear loads, the current i sa of the utility grid is deteriorated seriously and the current THD is 28. [28] . Furthermore, the harmonic components of shunt APF using different controllers comparing with the IEEE 519 regulation are provided in Fig. 4(e) . In addition, the THD of current without using the shunt APF and using the shunt APF with PI, PFNN and RPFNN-AMF controllers at loads 1-3 are given in Table 1 . According to Fig. 4 (e) and Table 1 , the compensation performances of both PFNN and RPFNN-AMF controlled shunt APFs are better than the traditional PI controlled shunt APF. In addition, since the proposed RPFNN-AMF owns the superior adaptability of PFNN, the memorization capability of RNN and upgraded learning ability and optimized fuzzy rules of AMFs. Therefore, the compensating effect of the proposed RPFNN-AMF controlled shunt APF is even superior to the PFNN controlled shunt APF. To show the regulation control of the DC-link voltage in the shunt APF under nonlinear load variation, the experimental results of the shunt APF using various controllers Fig. 5(a) . The responses of the current i sa of the utility grid and the DC-link voltage V dc of the shunt APF using PFNN controller are provided in Fig. 5(b) . Moreover, the responses of the current i sa of the utility grid and the DC-link voltage V dc of the shunt APF using RPFNN-AMF controller are provided in Fig. 5(c) . From the experimental results shown in Fig. 5 , since the traditional PI controller is not robust in coping with the system uncertainties such as parameter variations and external disturbances, the transient response of DC-link voltage V dc shown in Fig. 5(a) is the worst during the nonlinear load changing. On the other hand, the transient and steady-state responses of the DC-link voltage using the RPFNN-AMF controlled shunt APF are Table 2 . According to Table 2 and the experimental results shown in Fig. 5 , the proposed RPFNN-AMF controlled shunt APF possesses rapid response time and smaller DC-link voltage error during the load changing. Thus, the proposed RPFNN-AMF controlled shunt APF owns outstanding regulation effect. In addition, the experimental results of the shunt APF using different controllers at Case 2 are given in Fig. 6 . The responses of current i sa and DC-link voltage V dc using PI, PFNN and RPFNN-AMF controllers are shown in Figs. 6(a)-6(c) . And the numerical performance comparison of PI, PFNN and RPFNN-AMF controllers at Case 2 is provided in Table 3 . By observing the experimental results shown in VOLUME 6, 2018 Table 3 , poor DC-link voltage regulation control for PI controller is resulted during the nonlinear load changing at Case 2 owing to its sluggish property. Additionally, owing to excellent control capability of the proposed RPFNN-AMF controller, the effect of the regulation control of the shunt APF using RPFNN-AMF controller is better than the shunt APF using PFNN controller.
V. CONCLUSIONS
This study has successfully presented the development and implementation of a three-phase shunt APF for current harmonic compensation and DC-link voltage regulation control. First, a shunt APF controlled by a DSP is designed to compensate the harmonic current and reduce the current THD under nonlinear load. Moreover, in order to improve the control characteristics of the DC-link voltage in the shunt APF during nonlinear load changing, a novel RPFNN-AMF controller is proposed as the regulation controller in the shunt APF. From the experimental results of PI, PFNN and RPFNN-AMF controlled APFs, the current THD is much reduced and the transient and steady-state responses of the DC-link voltage during nonlinear load changing are also much improved by the proposed RPFNN-AMF controlled shunt APF.
The main contributions of this study are: (i) the successful development of a DSP-based shunt APF; (ii) the successful development of a novel RPFNN-AMF and its online learning algorithm; (iii) the successful application of RPFNN-AMF controller for current harmonic compensation and DC-link voltage regulation control in the shunt APF during nonlinear load changing. 
